Human neocortical temporal lobe tissue resected for treatment of pharmacoresistant epilepsy was investigated. In slices prepared from this tissue, field potentials sometimes superimposed by population spikes were found to appear spontaneously. In individual slices, they were generalized or highly localized to a field of~200 µm in diameter. Synchronous with these potentials, hyperpolarizing and depolarizing postsynaptic potentials were recorded from neurons in the vicinity of the field potential electrode. Hyperpolarizing postsynaptic potentials appeared to be mainly chloride mediated. All potentials, i.e. sharp field potentials as well as postsynaptic potentials, were reversibly suppressed by blockade of the non-NMDA (non-N-methyl-D-aspartate) glutamate-subreceptor and of
Introduction
The investigation of surviving human brain tissue obtained during epilepsy surgery has been of increasing interest in recent years (Schwartzkroin and Prince, 1976; Prince and Wong, 1981; Schwartzkroin and Knowles, 1984; Avoli et al., 1987 Avoli et al., , 1994a Avoli et al., , b, 1995 Avoli and Olivier, 1989; McCormick, 1989; McCormick and Williamson, 1989; Hwa et al., 1991; Knowles et al., 1992; Straub et al., 1992b Straub et al., , 1996 Tasker et al., 1992; Williamson et al., 1993 Williamson et al., , 1995 Franck et al., 1995; Lücke et al., 1995; Isokawa, 1996; Isokawa and Fried, 1996) . Most investigators focused on the characterization of neuronal functions at the cellular level and, specifically, on the determination of epileptogenicity and the comparison with animal cells. In these comparisons, only a few differences in electrophysiological characteristics such as membrane and repetitive firing properties, postsynaptic potentials, or a heightened intrinsic bursting propensity were found (Schwartzkroin and Prince, 1976; Prince and Wong, 1981;  © Oxford University Press 1998 the GABA A (γ-aminobutyric acid) receptor, and by application of the organic calcium channel blocker verapamil. By contrast, all potentials remained unaffected by blockade of the NMDA glutamate-subreceptor and the GABA B receptor. The antiepileptic drugs carbamazepine and phenytoin failed to suppress the spontaneous potentials at therapeutic concentrations. Washout of Mg 2ϩ from the superfusate left the spontaneous potentials unchanged or converted them to ictal-type discharges. This epileptiform activity was not suppressed, but augmented by blockade of the GABA A receptor. As a whole, the spontaneously appearing field potentials may be assumed to reflect a state of increased neuronal synchronization. Schwartzkroin and Knowles, 1984; Avoli and Olivier, 1989; McCormick 1989; McCormick and Williamson, 1989; Tasker et al., 1992; Williamson et al., 1993 Williamson et al., , 1995 Avoli et al., 1994a; Isokawa, 1996) .
The question arises, however, whether extended neuronal networks of human brain tissue show bioelectric potentials grossly different from those in non-epileptic material. As the tissue in question originates from human temporal lobe which has chronically been involved in seizure activity, it is of special interest if the networks of such tissue display spontaneous potentials in vitro. Most studies have failed to demonstrate such spontaneous potentials in vitro (Schwartzkroin and Prince, 1976; Prince and Wong, 1981; Schwartzkroin and Knowles, 1984; Avoli et al., 1987; McCormick and Williamson, 1989; Knowles et al., 1992) . However, in one investigation field potential activity was reported to occur in a few cases (McCormick, 1989) , and in another, spontaneous postsynaptic potentials were occasionally recorded intracellularly (Schwartzkroin and Haglund, 1986) . The fact that spontaneous activity was so rarely observed in slices could reflect that (i) spontaneous activity appears primarily in situ and is eventually lost in in vitro preparations or (ii) the foci of such activity are very small and thus difficult to detect. In the present study, we therefore attempted a systematic search for spontaneous activity in human neocortical tissue resected during epilepsy surgery. The result was that in fact spontaneously occurring sharp waves could be detected in field potential recordings. Furthermore, we tried to establish the role of glutamatergic and GABAergic synaptic transmission, as well as of voltagegated calcium channels in the generation of such spontaneous activity. A part of this work has been published in abstract form (Köhling et al., 1995b) .
Material and methods

Human neocortical tissue
Human tissue obtained was a small portion of that which is normally excised for treatment of pharmacoresistant focal epilepsy originating in the temporal (n ϭ 28) or frontal (n ϭ 1) lobe. Temporal lobe tissue used in this study originated from the anterior portion of the inferior temporal gyrus from standard partial temporal lobectomies. Frontal lobe tissue was from the epileptogenic area as determined by an electrocorticogram with subdural electrodes. The material was obtained during operations performed between 1994 and 1997. The patients (n ϭ 29, 11 female and 18 male, aged 8-45 years) had received a variety of antiepileptic drugs, which usually included carbamazepine or phenytoin, and one or more of valproate, vigabatrin, and gabapentin. In many cases histopathological analysis of the neocortical samples revealed a mild degree of gliosis (n ϭ 4) or atrophy (n ϭ 7). In five cases cortical dysplasia was diagnosed, and in two cases a tumour. Hippocampal sclerosis was seen in 13 cases. In 11 cases, no pathological abnormalities were found.
The experiments were approved by the local ethics commitee (Ethikkommission der Ä rtzekammer Westfalenlippe und der Medizinischen Facultät der Westfälischen Wilhehus-Universität Münster). Informed consent was obtained from all patients.
Determination of Mg 2⍣ concentration in CSF and antiepileptic drug concentration in brain slices
A small quantity (2-5 ml) of CSF was obtained from each of 10 patients for analysis of the content of free Mg 2ϩ by atomic absorbtion spectroscopy.
The concentrations of the antiepileptic drugs carbamazepine and phenytoin, which had been administered to the patients up to the operation, were determined in four slices by high-pressure liquid chromatography according to the methods described by Rambeck et al. (1992) and Schnabel et al. (1994) .
Slice preparation
The blocks of resected tissue consisted of the anterior portion of the temporal lobe (3-5 cm). Slices were prepared from a 1 cm 3 block of the inferior temporal gyrus within 5 min of tissue resection. The techniques for slice preparation have been described in detail elsewhere (Straub et al., 1992b Lücke et al., 1995) . Briefly, neocortical slices of 400-500 µm thickness were cut perpendicular to the pial surface using a vibratome. They were placed in a portable incubation chamber with oxygenated (95% O 2 , 5% CO 2 ) artificial CSF at a temperature of 28°C and a pH of 7.4. Slices were allowed to recover for a period of 1-2 h before transferral into a submerged recording chamber. For a control series of experiments performed both in parallel and before the investigations on human tissue, neocortical slices from guinea pigs were prepared in an analogous fashion. The details of the preparation are described elsewhere (Schulze-Bonhage et al., 1994) . The composition of the artificial CSF was (in mM): NaCl 124; KCl 4; CaCl 2 2; NaH 2 PO 4 1.24; MgSO 4 1.3; NaHCO 3 26; and glucose 10. In the experimental chamber the temperature was raised to 33°C. In some cases, MgSO 4 was omitted from the superfusate or raised to a concentration of 2 mM. During the experiments, pH, temperature and flow rate (4 ml/min; bath volume 1 ml) were continously monitored.
Drug application
All substances used were dissolved in artificial CSF and added to the superfusate. Drugs applied were: the NMDA (N-methyl-D-aspartate) and AMPA (Ϯα-amino-3-hydroxy-5-methylisoxazole-4-proprionic-acid) receptor antagonists DL-2-amino-5-phosphono-valerate (APV, 100 µM) and 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX, 5 µM); the GABA A and GABA B receptor antagonists bicuculline methiodide (5-10 µM) and CGP 55845A (1 µM); the organic calcium channel blocker verapamil (40 µM); and the antiepileptic drugs carbamazepine and phenytoin (25 µM; dissolved in dimethylsulphoxide and 1 N NaOH solution, respectively, each diluted to a final concentration of 0.1%).
Electrical stimulation
Subcortical white matter was stimulated electrically by means of a bipolar platinum electrode (60 µm in diameter) placed at the border of white and grey matter adjacent to the recording electrodes. Single stimuli were delivered at a maximum frequency of 0.1 Hz.
Electrophysiological recordings
Extracellular field potential recordings were perfomed in layers II to V (as estimated by measuring the position of the electrode 300-2400 µm below pial surface, Creutzfeldt, 1983) using pipettes (0.5-1.5 MΩ) filled with artificial CSF. In 14 trials, recordings were done with two extracellular electrodes simultaneously. To search for spontaneous activity the electrodes were periodically repositioned following an imaginary position grid consisting of squares~500 µm across covering the whole slice.
Intracellular recordings were performed using single sharp micropipettes filled with 2 M potassium methyl sulfate or 2 M KCl (60-180 MΩ) in the immediate vicinity of the field potential electrode and up to 800 µm away. Intracellular data were obtained from 11 cells in layers II-V displaying a resting membrane potential more negative than -53 mV (-57.1 Ϯ 3.7, mean Ϯ SEM) and action potential amplitudes Ͼ60 mV (64 Ϯ 2 mV). Signals were recorded on an inkwriter and computer system, as well as a digital oscilloscope.
Simultaneous recordings of field potentials and extracellular concentrations of potassium ([K ϩ ] o ) were performed in 10 slices using double-barrelled ion-sensitive microelectrodes based on the valinomycin ion exchanger Fluka 60398. Preparation of the electrodes is described in detail elsewhere (Köhling et al., 1993 (Köhling et al., , 1995a Lücke et al., 1995) . Briefly, one channel of a double-barrelled electrode (tip diameter 2-6 µm) was backfilled with 151 mM NaCl solution as a reference channel. The ion-sensing channel was backfilled with 100 mM KCl solution, and its tip was silanized and equipped with the ion exchanger. The electrodes showed a voltage change of 56-57 mV with a 10-fold increase in [K ϩ ] o against a fixed background of 151 mM NaCl. All data are given as mean Ϯ SEM.
Results
Occurrence of spontaneous field potential discharges
Sharp field potentials appeared spontaneously in 60 of 92 temporal neocortical human tissue slices from 28 patients, and in one frontal slice from one patient, all undergoing epilepsy surgery (Fig. 1) . In each experiment, one to four slices were tested from each patient, of which at least one showed spontaneous activity. In a control series of guinea pig neocortical slices from sensorimotor cortex (n ϭ 60), under the same experimental conditions, spontaneous activity was never observed (cf. Schulze-Bonhage et al., 1994) .
When different slices originated from the same patient, all slices (n ϭ 10 patients) or more than half of the slices (52% from 12 patients) showed spontaneous activity. In slices not presenting sharp waves, epileptiform activity was evoked by application of bicuculline (Hwa et al., 1991; Straub et al., 1996) or omission of Mg 2ϩ from the bath fluid (zeroMg 2ϩ epilepsy, Avoli et al., 1987; Straub et al., 1992b) , demonstrating viability of the slices.
Features of spontaneous field potential discharges
The amplitudes of spontaneous discharges varied from 20 to 323 µV (72 Ϯ 13 µV, n ϭ 31 slices); in a given recording location, the potentials were uniform in amplitude. In most cases (76%), the potentials were Ͻ70 µV (Fig. 2) . Nearly all potentials ranged between 20 and 200 ms in duration (151 Ϯ 18 ms total duration and 49 Ϯ 7 ms half-amplitude width; n ϭ 31 slices, Fig. 2 ) and the slope was 6.4 Ϯ 2.4 mV/s (n ϭ 31 slices), again with little variability within a given slice.
The repetition rates of the spontaneous field potential discharges varied from 4 to 108 per minute, and on average attained values of 43 Ϯ 4 per minute (n ϭ 31 slices, Fig. 2 ) in the beginning of the experiment and then declined during the first hour of recording to~70% of the initial value. In three cases, activity disappeared after 30-120 min.
Evaluating 100 spike intervals in each of 15 slices showed that 69% of the intervals lasted 0.2-2 s, within a total range of 0.2-16 s (Fig. 2) . Long intervals were very rare and usually appeared between series of closer-spaced potentials (e.g. see Figs 6A and 9 below), so that in the majority of the slices (12 of 15), only Ͻ10% of the spike intervals were Ͼ5 s.
Usually, the potentials were monophasic (see Fig. 1 and Figs 6-8 below) and did not represent field potentials brought about by summation of action potentials. On the other hand, clear cut population spikes were superimposed on the potentials in some cases (six out of 31 recordings, Fig. 3 ). The potentials could be triggered with extracellular stimulation of the white matter and gained in amplitude with increasing stimulus strength until reaching a maximum. Under stimulation, both the polarity and shape of the signals were the same as those of the spontaneous potentials.
Distribution of spontaneous field potential discharges
Activity could be recorded either at only one recording site of the slice preparation, or at multiple positions ( Fig. 1A and B). In the latter experiments, the sharp waves were either synchronous (Fig. 1A) or asynchronous (Fig. 1B) . The spatial distribution of the potentials was assessed in 14 slices with two-electrode recordings, as described in the Material and methods section. Synchronous activity was recorded with electrode separation of up to 400 µm (n ϭ 3), 600 µm (n ϭ 5), 800 µm (n ϭ 1) and 1000 µm (n ϭ 1). In four cases, synchronous activity was observed only in a recording field of up to 200 µm, and not beyond. When the electrodes were spaced at distances of 2000 µm (n ϭ 2) and 4000 µm (n ϭ 1), activity was seen in both recording sites in only three slices, and in these cases it was asynchronous.
Additionally, the spontaneously active networks were possibly not stationary as there were polarity changes (n ϭ 2) and waxing and waning (n ϭ 10) of the potentials (Fig. 1C) . Such increases and decreases in field potential amplitude could only be observed at irregular intervals which usually lasted Ͼ30 min.
Intracellular recordings
In six slices, intracellular recordings from 11 cells were performed along with field potential recordings. The intracellular electrode was placed within layers II-V in the immediate vicinity of the field potential electrode, or up to 800 µm away (see Material and methods section).
Using potassium methyl sulfate filled electrodes, different types of potentials, i.e. depolarizing ( Fig. 4Aa and Bd; 37% of 178 events recorded in seven cells; see Fig. 4Ca and Cb) or hyperpolarizing ( Fig. 4Ab and Bb; 44% of all events; see Fig. 4Ca and Cb) or sequences of hyperpolarizing and depolarizing potentials (Fig. 4Bc , 19% of all events; Fig. 4Ca and Cb) could be observed in all neurons synchronous with the field potentials. A paroxysmal depolarization was never seen. Within a resting membrane potential range of -50 to -60 mV, most of the neurons displayed two or all three types of potentials (Fig. 4Ca, n ϭ 7) .
To analyse the ionic nature of the membrane potential changes of a given neuron, the resting membrane potential was altered by passing a current over the bridge circuit, or KCl was used in the recording pipette (see Material and methods section). In experiments in which the membrane potential of a given neuron was altered, purely hyperpolarizing potentials consisted of monophasic smooth potentials at low membrane potentials which reversed at -68 mV, near the putative GABA equilibrium potential (cf. Staley et al., 1995) , to a depolarization of similar shape (Fig. 4D) . In three recordings, pipettes filled with 2 M KCl were used. In such recordings, all potentials were depolarizing. Action potential generation was shunted by the occurrence of a spontaneous potential even when the neuron was firing tonically due to strong depolarization to -40 mV via current injection.
Factors possibly contributing to the generation of spontaneous activity Clinical data
The appearance of spontaneous activity was not correlated with sex, age, seizure history or antiepileptic medication of the patients, nor with histopathological findings as mentioned in the Material and methods section. Specifically, there was also no correlation with hippocampal sclerosis or cortical dysplasia. (n ϭ 14) (n ϭ 13) (n ϭ 14)
No significant differences were found, i.e. all P Ͼ 0.05.
Tissue transport
In order to exclude the possibility that spontaneous activity was induced by the transport process over a period of~90 min in a portable incubation bath , two experiments were conducted on site next to the operating room. In these two experiments, spontaneous field potentials, showing the same characteristics as those found in material which had been transported, were observed in 7 of 16 slices, as little as 30 min after excision of the tissue. Furthermore, the potentials could be recorded immediately upon electrode placement independent of the duration of the pre-incubation period (30-240 min).
Concentration of Mg 2ϩ in the artificial CSF
The omission of Mg 2ϩ from the bath fluid is known to induce epileptiform activity in human brain slices in vitro (Avoli et al., 1987; Straub et al., 1992b) . Furthermore, abnormally low Mg 2ϩ concentrations may cause seizures in humans (Morris, 1992) , and the CSF Mg 2ϩ concentration was found to be decreased in children with seizures (Becker, 1965) . To exclude the possibility that low Mg 2ϩ concentration in the artificial CSF could be involved in the appearance of spontaneous activity in the slice preparations, the concentration of free Mg 2ϩ in the CSF was determined in 10 patients. The mean concentration was 1.01 Ϯ 0.048 mM (n ϭ 10) and thus lower than the concentration in the artificial CSF (i.e. 1.3 mM, see Material and methods section).
Baseline extracellular potassium concentration
To elucidate the role of baseline extracellular potassium concentration ([K ϩ ] o ) in the generation of spontaneous potentials, [K ϩ ] o was measured in layers II-V at different penetration depths normal to the cut surface of the slices. Both spontaneously active and silent slices showed similar [K ϩ ] o baseline levels which ranged from 3.8 to 4.3 mM (spontaneously active slices, n ϭ 5) and from 3.8 to 4.7 mM (slices without spontaneous activity, n ϭ 5; Table 1) when the electrode was lowered from the surface to the centre of the slice. No statistical difference could be seen between the two groups. 
Withdrawal of antiepileptic medication
Antiepileptic drugs such as carbamazepine and phenytoin were administered to the patients and were present in their brain tissue up to the operation. These drugs were washed out completely during incubation (90 min), as in highpressure liquid chromatography analyses no quantifiable concentrations of carbamazepine and phenytoin could be detected in the slices. Such a 'withdrawal' of antiepileptic drugs could be responsible for the appearance of spontaneous sharp waves in the slices. Therefore, the effects of the conventional antiepileptic drugs phenytoin and carbamazepine on spontaneous activity were tested. Phenytoin and carbamazepine were given close to or slightly above therapeutic concentrations (25 µM, n ϭ 3 for both phenytoin and carbamazepine; Troupin, 1993) . Apart from a slight reduction of the repetition rate to 60-70% of the initial value, the drugs failed to suppress spontaneous activity within 60 min of the application (Fig. 5) .
Pharmacological characterization Glutamate receptors
In order to establish the possible role of excitatory transmission mediated by glutamate in the generation of the spontaneous potentials, the non-NMDA receptor antagonist CNQX (5 µM, 30 min) or the NMDA receptor antagonist APV (100 µM, 30-60 min) was added to the superfusate.
Upon application of CNQX, the spontaneous sharp waves were abolished along with the synchronous postsynaptic potentials within 5-15 min in all trials (n ϭ 14, Fig. 6A ). This effect was reversible, as potentials reappeared upon washout of CNQX, within 45 min. After washout of the substance, the frequency of occurrence returned to 94 Ϯ 8% of the initial value.
The NMDA antagonist APV had no appreciable effect on the observed potentials (n ϭ 11, Fig. 6B ). However, the elevation of the concentration of MgSO 4 in the superfusate from 1.3 to 2 mM, a manipulation which would usually accentuate the voltage dependent Mg 2ϩ -block of the NMDA receptor (Collingridge and Lester, 1989) and thus also block synaptic transmission mediated by NMDA receptors, partially reduced spontaneous activity within 20-60 min in two slices, and suppressed them in one slice. Upon reduction of the Mg 2ϩ to 1.3 mM, spontaneous potentials reappeared, or their frequency of occurrence increased again, within 5 min.
GABA receptors
To test for the functional significance of inhibitory synaptic transmission for the appearance of spontaneous activity, the GABA A receptor antagonists, bicuculline (5 µM, 30 min, Fig. 7A ) or picrotoxin (100 µM, 15 min) or the GABA B receptor antagonist CGP 55845A (1 µM, 30 min, Fig. 7B ) were superfused. Immediately after application of bicuculline, the amplitudes of the field potentials were reduced and the accompanying hyperpolarizing potentials became depolarizing (Fig. 7A, bicuculline) . After 10-15 min, however, the potentials disappeared completely (n ϭ 8). During this period of suppression of spontaneous potentials, electrical stimulation of the subcortical white matter could trigger large field potentials, demonstrating that evoked events were not blocked by bicuculline (results not shown). Upon wash-out of bicuculline, spontaneous potentials reappeared. In two out of eight slices, the field potentials observed showed a transient increase in amplitude (for a period of 5-10 min; Fig. 7A , CTRL2), and intracellular recordings revealed that they were accompanied by epileptiform paroxysmal depolarizations ( Fig. 4Be and Bf, Fig. 7A, CTRL2 ) synchronous with the field potential changes. After this transient accentuation of spontaneous activity, and the appearance of epileptic potentials, the spontaneous activity returned to its original amplitude, and the paroxysmal depolarizations disappeared within 60 min.
Like bicuculline, picrotoxin suppressed the spontaneous field potentials within 5 min (n ϭ 2), and upon wash-out, in both cases, grouped activity transiently appeared, resembling discharges found with tonic-clonic activity (data not shown).
The GABA B antagonist CGP 55845A (n ϭ 2) did not influence the spontaneous activity, although in one experiment action potentials were generated more frequently than before superfusion of the substance (five versus 57 action potentials in 5 min) and the neuron was slightly depolarized by 2 mV (Fig. 7B, CGP 55845A ).
L-type voltage-gated calcium channels
The organic calcium channel blocker verapamil (40 µM) was used to assess the involvement of L-type transmembrane Fig. 7 Action of (A) GABA A receptor antagonist bicuculline (5 µM) and (B) GABA B receptor antagonist CGP 55845A (1 µM) on spontaneous sharp waves (FP trace) and accompanying membrane potential shifts (MP trace). Inkwriter (left panel) and oscilloscope tracings on an expanded time scale (right panel), with recordings before application of the substances (CTRL1), and 30 min after washout (CTRL2), as well as 60 min after washout in A (lower panel). Note that during bicuculline application membrane potential changes transiently become depolarizing before all potentials are abolished. With washout of bicuculline, paroxysmal depolarization shifts are generated transiently, before membrane potential changes become hyperpolarizing again. Note, too, that during application of CGP 55845A action potentials are being generated more frequently than under control conditions. calcium currents in the generation of spontaneous discharges. In all experiments, spontaneous potentials were suppressed reversibly within 60-120 min (Fig. 8, n ϭ 6 ). Specifically, a suppression by 50% and 90% of the initial repetition rate was reached within 25.8 Ϯ 3.7 and 63.3 Ϯ 14.3 min (n ϭ 6). Usually, the potentials did not recover completely when verapamil was washed out, and the frequency of occurrence returned to 41Ϯ7% of the value before the verapamil superfusion.
Effect of raised epileptogenicity
The spontaneous sharp waves might be the result of an increased epileptogenicity of the tissue. Therfore, both types of slice (with and without spontaneous activity) were tested under epileptogenic conditions, i.e. omission of Mg 2ϩ from the superfusate (zero-Mg 2ϩ epilepsy; Avoli et al., 1987; Straub et al., 1992b) .
Spontaneously active slices
With superfusion of nominally Mg 2ϩ -free artificial CSF, in eight out of 13 slices, the spontaneous potentials were unaltered in shape and amplitude but showed an approximately two-fold (224 Ϯ 50%, n ϭ 8) increase in the repetition rate (Fig. 9) . In another five slices, ictal-type tonic-clonic type discharges (duration 2-120 s, occurring at intervals of 2-300 s) appeared under these conditions in addition to interictal-type potentials (duration Ͻ2 s).
Slices without spontaneous activity
In another set of experiments on the slices without spontaneous activity, wash-out of Mg 2ϩ resulted in the appearance of interictal-type discharges only in the majority of slices (six out of nine). In the remaining experiments, ictaltype activity appeared as in the spontaneously active slices.
To analyse zero-Mg 2ϩ induced activity in both silent slices and preparations displaying spontaneous sharp potentials further, bicuculline (5-10 µM) was added to the bath solution. With these zero-Mg 2ϩ epileptiform discharges, additional application of bicuculline led to the development of ictaltype activity in slices previously not showing this type of discharge (Fig. 9 ) both in spontaneously active slices (n ϭ 4) and in slices without spontaneous activity (n ϭ 1). 
Discussion
Occurence of spontaneous field potentials
Most studies on human slice preparations from epileptogenic tissue resected during epilepsy surgery, so far, have reported no spontaneous field potential activity in vitro (Schwartzkroin and Prince, 1976; Prince and Wong, 1981; Avoli et al., 1987; McCormick and Williamson, 1989) and no increased excitability as reflected in an increased bursting propensity of neurons (Schwartzkroin and Prince, 1976; Schwartzkroin and Knowles, 1984; Avoli and Olivier, 1989; Tasker et al., 1996;  cf. also Williamson et al., 1995; Isokawa, 1996) . One study (McCormick, 1989) reported the occurrence of spontaneous field potentials, but in only four out of the 29 human neocortical slices investigated. The present investigation shows that spontaneous sharp waves can be observed in 60-70% of brain slices of neocortex from epileptic patients, demonstrating that the general ability of such tissue to produce spontaneous field potentials is not lost in vitro. Interestingly, this seems to hold true regardless of the underlying pathology of the tissue, although findings by Mattia et al. (1995) suggest that dysplastic tissue displays a greater epileptogenicity.
The present results exclude the possibilities that the spontaneous activity was artificially induced due to: (i) the transport of the slices; (ii) raised levels of baseline [K ϩ ] o ; or (iii) washout of antiepileptic medication, as (i) activity was seen also in slices which had not been transported; (ii) [K ϩ ] o was higher in slices without spontaneous activity than in slices presenting spontaneous field potentials, and overall did not attain excessively high levels in any of the slices but remained at or below 4.7 mM; and (iii) supplying the slices with therapeutic concentrations of antiepileptic drugs which should have reversed any withdrawal effect did not suppress such activity. The last assumption is supported by the observations that the withdrawal of antiepileptic drugs did not exceed 2 h and that, in some slices, spontaneous activity Fig. 9 Effect of withdrawal of Mg 2ϩ (0Mg 2ϩ ) from the superfusate and addition of bicuculline in Mg 2ϩ -free superfusate (0Mg 2ϩ ϩ BIC) on spontaneous sharp waves (FP trace). Inkwriter tracings, with recordings before withdrawal of Mg 2ϩ (CTRL1) and 30 min after return to control conditions (CTRL2). Note that during Mg 2ϩ withdrawal, the amplitude and repetition rate of the field potentials are slightly increased. In contrast to the field potential under control conditions (cf. Fig. 7) , addition of bicuculline during Mg 2ϩ withdrawal does not block the field potential, but converts activity to ictal-type discharges.
failed to occur while slices adjacent to them showed spontaneous sharp waves. In this context, it should be mentioned that the final brain tissue concentrations of phenytoin and carbamazepine after 30-min superfusion in concentrations of 25 µM would be four-to five-fold higher (i.e. 100 to 125 µM) and thus would be well within an effective antiepileptic concentration range (Rambeck et al., 1992; Schnabel et al., 1994) . Neither can low levels of Mg 2ϩ in the artificial CSF account for the appearance of spontaneous potentials, as the Mg 2ϩ level of 1.3 mM in our superfusate is above the actual CSF values reported for healthy adults (1.11-1.15 mM; Hunter and Smith, 1960; Heipertz et al., 1979) and those found for patients in this study (i.e. 1.01 mM) and thus well above critical 'epileptogenic' concentrations, especially when considering that actual brain concentrations can be expected to be lower than the CSF concentration (Morris, 1992) . In this context it should be mentioned that with the same Mg 2ϩ levels in the superfusate, spontaneous activity was never observed in guinea pig neocortical slices (cf. Schulze-Bonhage et al., 1994) .
Epileptic or physiological nature of spontaneous potentials?
The observation of sharp waves in brain tissue from epileptic patients fosters the question whether these bioelectric phenomena are epileptic in nature or not. Although the data presented here do not allow a final conclusion on this issue, the following considerations may help.
In principle, the spontaneous field potentials can be described as sharp waves in the EEG as they generally displayed pointed peaks and lasted Ͻ200 ms (International Federation of Society for Electroencephalography and Clinical Neurophysiology, 1974) . In most cases, however, they did not resemble typical epileptiform field potentials elicited in in vitro models. Except for the washout phase of bicuculline, we were not able, in any of our intracellular recordings, to show any spontaneous paroxysmal depolarization shift, considered to be characteristic for epileptic activity (Goldensohn and Purpura, 1963) . Nevertheless, the findings presented here might still be indicative of epileptic activity, e.g. activity surrounding an epileptic focus. Concomitant with the sharp field potentials, postsynaptic potentials were recorded in surrounding neurons. The occurrence of such spontaneous membrane potential fluctuations in human tissue has also been demonstrated by Schwartzkroin and Knowles (1984) . They reported spontaneous depolarizing or hyperpolarizing potentials in human hippocampal slices, however, without the appearance of field potential changes. They also found them in human neocortical slices, albeit more rarely than in hippocampal tissue (Schwartzkroin and Haglund, 1986) . As in the study of Schwartzkroin and Haglund (1986) , the membrane potential changes seen in the present investigation appeared to be mediated by both excitatory and inhibitory inputs. In cases of purely hyperpolarizing potentials, these seemed to be GABA-mediated. Depolarizing transient peaks within the hyperpolarizing envelope of these postsynaptic potentials were similar to phenomena observed in neurons surrounding epileptiform penicillin foci in a field of vertical and surround inhibition (Prince and Wilder, 1967; Elger and Speckmann, 1983) . Taking these observations together, the spontaneous potentials could arguably reflect activity surrounding an epileptic focus. The observed field potentials could thus be seen to represent either interictal discharges of a miniature focus in the slices or synchronous activity of primary nonepileptic neurons being driven by such miniature foci. Such an interpretation is supported by the finding that distinct population spikes are sometimes superimposed on the sharp waves although the accompanying membrane potential changes merely show inhibitory postsynaptic potentials (IPSPs) or excitatory postsynaptic potentials (EPSPs).
Alternatively, rather than genuine epileptic activity, phenomena secondary to epileptogenesis might also account for the appearance of spontaneous discharges. Thus, in hippocampal slice preparations exposed to epileptogenic conditions, ectopic action potentials have been reported to appear. These were blocked by bicuculline, but not by APV, and thus showed similar pharmacological characteristics to the potentials described in this investigation (Stasheff et al., 1993a, b) . However, whether such ectopic spikes are able to generate field potentials and potentials like surround inhibition remains debatable.
Lastly, the spontaneous potentials could reflect a heightened propensity of network synchronization. Thus, as mentioned above, Schwartzkroin and Knowles (1984) and Schwartzkroin and Haglund (1986) found rhythmic postsynaptic activity in human hippocampal and neocortical slices. Similar postsynaptic potentials were also observed under epileptogenic conditions in zero-Mg 2ϩ -bathed human neocortical slices . It seems likely that these observations represent different facets of the same phenomenon, i.e. spontaneous activity such as described in the present study. Schwartzkroin and Knowles (1984) attributed the lack of field potential changes in their study to insufficient synchronization among neurons as revealed in paired intracellular recordings. In fact, the small amplitudes of the potentials seen in the present study point to very small neuronal populations generating this type of activity, although in a few cases neuronal populations were synchronously active in locations as far as 1000 µm apart. It might be speculated that in vivo, under certain circumstances, hitherto independent foci might synchronize and thereby pave the way for an epileptic seizure.
Interestingly, Schwartzkroin and Haglund (1986) found indications of raised synchronicity in the form of synchronous rhythmic postsynaptic potentials in 'healthy' monkey hippocampus (a structure known for its epileptogenicity), but not in 'healthy' monkey neocortex. We did not observe spontanous field potentials in a control series of guinea pig neocortical slices, and they have not been reported to occur in neocortical slices of this species or of rats by other groups either. If spontaneous field potential activity may be physiological by itself, it could nevertheless facilitate epileptic discharges in neocortical tissue, and possibly be a marker for epileptogenicity.
Role of synaptic transmission Glutamate receptors
Spontaneous potentials were suppressed by blockade of non-NMDA glutamate receptors. The same has been reported for epileptiform activity induced by substances blocking GABAergic transmission, such as bicuculline and picrotoxin in human (Kim et al., 1993) and animal slices (Lee and Hablitz, 1991; Williamson and Wheal, 1992) .
However, blockade of NMDA receptors showed no effect on the spontaneous discharges. On the other hand, it is effective in reducing epileptiform activity in the above models and in the so-called zero-Mg 2ϩ model (Avoli et al., 1987 Mody et al., 1987; Avoli and Olivier, 1989; Wuarin et al., 1990; Hwa et al., 1991; Lee and Hablitz, 1991; Kim et al., 1993) . The mechanism by which the elevated Mg 2ϩ concentration reduced spontaneous potentials thus seems to be independent of the NMDA receptor and may involve an influence on surface charges, transmembraneous calcium currents or on the Na ϩ /K ϩ ATPase (Mody et al., 1987) .
GABA receptors
Blockade of inhibitory transmission with the epileptogenic drug bicuculline also suppressed all spontaneous activity. During bicuculline application, hyperpolarizing potentials disappeared transiently unmasking depolarizing ones. In addition, during bicuculline superfusion electrical stimuli were able to trigger field discharges. With wash-out of bicuculline, paroxysmal depolarizations transiently appeared. Thus, excitability was probably raised rather than reduced, but synchronization was apparently lost. Rather than lowering epileptogenicity in epileptic tissue, we propose that GABAergic transmission seems necessary for the generation of discharges. Indeed, inhibiton is strongly preserved in animal models of epilepsy (Prince and Wilder, 1967; Elger and Speckmann, 1983; Perreault and Avoli, 1992; Witte, 1994; Westerhoff et al., 1995) and application of GABAmimetic substances can induce discharges in rodents (Fariello and Golden, 1987) . Furthermore, Kostopoulos and Antoniadis (1992) proposed a synchronizing and accentuating role of GABAergic inhibition in a feline model of spike-and-wave discharges. Such a synchronizing role for GABAergic transmission was also proposed for human temporal lobe epilepsy by Babb et al. (1989) , who found indications of GABAergic hyperinnervation of sclerotic epileptogenic human hippocampus. The synchronization among neurons rather than the ability to generate discharges per se also seemed to be diminished by bicuculline administration in the present study since potentials could still be evoked by electrical stimulation, thus suggesting that GABAergic transmission provides a 'reset mechanism' crucial for synchronization. Blockade of glutamatergic transmission would in this context reduce synchronization among interneurons and thus lead to a collapse of activity. Another interpretation may be that inverted (depolarizing) GABAIPSPs might have been blocked by bicuculline application, and such inverted IPSPs could possibly provide, besides the non-NMDA EPSP, an excitatory synaptic drive (cf. Michelson and Wong, 1991; Perrault and Avoli, 1992) . In fact, excitatory GABAergic activity has been reported by Michelson and Wong (1991) in the hippocampus. In their study, application of 4-aminopyridine elicited spontaneous GABA-mediated excitatory coupling between hippocampal interneurons which, in turn, evoked large IPSPs in principal neurons reminiscent of potentials seen in the present study. Thus, a reduction of depolarizing and hyperpolarizing GABA-IPSP may exert its effect in the same direction, i.e. by reducing synchronization and excitation.
Role of transmembraneous calcium currents
The depression of spontaneous activity by the organic calcium channel blocker verapamil corresponds to the antiepileptic action of this drug in various experimental models of epilepsy (Bingmann and Speckmann, 1989; Aicardi and Schwartzkroin, 1990; Straub et al., 1992a Straub et al., , 1994 including human tissue (Straub et al., 1992b and in the first clinical trials with other organic calcium channel blockers (Overweg et al., 1984) . In line with the aforementioned results are the findings that elevation of the Mg 2ϩ concentration from 1.3 to 2 mM reduces the spontaneous potentials and the application of APV fails to do so. This points to a calcium-antagonistic effect of Mg 2ϩ in this case (Saft et al., 1997) . Calcium currents thus apparently play a crucial role in the generation of spontaneous activity observed in this study, and epileptiform activity induced in experimental models and in seizures in epilepsy patients.
Effects of raised epileptogenicity
In most slices showing spontaneous sharp waves, with wash-out of Mg 2ϩ from the superfusate, interictal-type field potential activity remained more or less unchanged, so that no clear distinction between spontaneous potentials and discharges under epileptogenic conditions could be made. In the rest of the slices, however, ictal-type activity appeared in zero-Mg 2ϩ medium, usually along with intercalated interictaltype discharges.
In slices which did not present with spontaneous sharp waves (n ϭ 9), with washout of Mg 2ϩ interictal-type potentials appeared in all cases. Ictal-type activity was observed in only one slice for the entire duration of the experiment, and transiently in two other slices. The proportion of ictal to interictal activity was thus smaller in the group without spontaneous activity. This finding corresponds with observations of another study on human neocortical tissue resected during tumour surgery, where no spontaneous activity had been seen in any of the slices tested (Straub et al., 1992b) . In none of these preparations was ictal-type activity observed with wash-out of Mg 2ϩ . The appearance of ictaltype activity might thus be seen to reflect the underlying increased epileptogenicity of the spontaneously active slices. Nevertheless, ictal-type activity was observed relatively rarely in comparison with other studies (Avoli et al., 1987 , regardless of the generation of spontaneous sharp waves. In the cited investigations, ictal-type potentials were found to appear in all slices with washout of Mg 2ϩ . In none of these slices, however, was spontaneous activity reported to occur. As a whole, the type of ictal activity found in the present study with omission of Mg 2ϩ resembles that found by other groups, but appears only rarely. A possible explanation for this discrepancy may be seen in the fact that, in the present investigation, a submerged-type chamber was used, whereas in the cited studies interface-type chambers were utilized, in which, in general, certain types of epilepsy models are known to be generated far more readily than in submerged-type chambers.
In those slices generating interictal-type zero-Mg 2ϩ -induced activity, application of bicuculline transformed them to ictal-type discharges. This is in line with findings in rat hippocampal slices, where bicuculline administration enlarged and prolonged zero-Mg 2ϩ -induced discharges (Tancredi et al., 1990; Traub et al., 1994; Whittington et al., 1995) . This effect was attributed to the lability of inhibition in the low-magnesium model of epilepsy (Whittington et al., 1995) . However, both in another study in guinea pig hippocampal slices and in entorhinal cortex slices, bicuculline was found not to influence, or even to shorten epileptiform field potentials, which could convert them into recurrent discharges in the latter case (Pfeiffer et al., 1996) . To summarize, on the one hand, spontaneous sharp waves were suppressed by bicuculline and, on the other hand, discharges elicited by omission of Mg 2ϩ were accentuated by the same drug. This suggests that different elementary mechanisms are responsible for the generation of the two types of discharges.
In the present investigation, sharp waves have been found in brain slices from epileptic patients which cannot be observed under similar conditions in animal neocortical slices. Since healthy human neocortical tissue cannot be investigated, it remains uncertain whether these potentials are epileptic in nature or not. Regardless of this, they may reflect a state of increased neuronal synchronization which could facilitate initiation or spread of seizures under certain conditions.
